A method for comparing the properties of two oxide cathodes, one wi th a highpurity-nickel base and the other with a nickel base con taining a s mall p ercentage of magnesiu m , is discussed . Data are presented showing the effect of magn esium on the rate of electrolytic activation and life of an oxide cathode. The influence of t he cat hode and anode on pulsed current decay at high cu rrent densities is also discussed.
I. Introduction
During th e construction of an oxide cathode and th e tube of which it b ecomes a part, there exists a multiplicity of factors that may enter t o affect the subsequ ent performance of the cathode. Solutions to the problem of obtaining unambiguous data on any of these factors would lead to a much better under standing of the physical nature of the emissive properti es of an oxide cathode.
The composit ion of the m etal that serves as a base for the oxide coating is widely recognized as a source of uneertainty in eathode b ehaviour. In a majority of cases the base is made of nickel that contains minute amounts of eertain other m etals. Studies of the role played b y th ese other m etals in conn ection with the emission properties of the cathode have b een made b y sev eral investigators [1 , 2, 3, 4] 1 and are still a souree of considerable current interest. The inadequaey of the information regarding the role played b y th e base m etal is brought out by the fa ct that a tube manufacturer still feels comp elled to accept or reject a n ew m elt of cathode niekel , not on the basis of available information about the composit ion of the material, but on the basis of test r esults obtained with one or more production tube types.
The work described in this paper is part of an investigation undertak en to obtain additional informat ion about t h e nickel-base metal. More specifically, this paper deals with the study of the influen ce of magn esium in cathode nick el on the thermionic performance of an oxide cathode. The choice of magn esium was prompted b y its r elat ively high reducing action on an oxide eoating [5] .
A description is given of two distinct phases of th e work. One is t h e development of suitable test appar atus and proper testing technique. The other is th e analysis of th e r esults obtained from a comparison of a eathode on high-purity nickel with one on a b ase of magnesium niekel.
II. Description of Apparatus and Methods

Test Diode
A logical m ethod for evaluating th e effects t h at result w h en a small amount of magnesium is added to nickel is to eompare the performance of two eathodes, one on high-purity nickel, th e oth er on nickel eontaining magnesium, both of which have b een exposed equally to all other factors that could influence their b ehavior. The b est practical means of doing this would seem to b e t h e use of a properly d esigned double diode. Part icular features of the doublediode structure that was used are illustrated in figure 1.
A channel made from high-purity nick el is b en t and welded to form a squ are fram e t o which the cathode can b e fasten ed (see fig. 1, a) . A flat, pure tungsten h eater, uncoated , is positioned parallel t o the plane of the fram e and equidistan t from the two faces. Squares of the sheet m etals that serve as the bases of the two cathodes t o b e compared (on e is illustrated in fig. 1 , b ) are fasten ed to the cathode frame so as to enclose th e h eater filament com- p1etclr. Thi i . done, of course, after application of th e emission coatin g. The diode structure is completed by the addition of two anodes. In one case th e anodes consis t of flat sh eets with edges turned to increase rigidity (see fig. 1 , c). This type of anode i ql.l i te easy to m ake, bu t it h as the disadvantage of low th ermal di ssipation. Another type of anode is illustraLed in figLU"e 1, d. This consists of a body, machined from a "Grad e A" nick el rod, to whi ch a kova!" eylinder is brazed so as to make possible a glass-m etal seal. An advantage inherent in this design is that th e part of the anode n earest the cathod e can b e very effectively h eated or cool ed as desired. To accomplish the h eating, a coiled tungsten filament, mounted on a press that p ermits rough evacuation of the space within the anode, is placed at the position marked A. B y controlling the current tlnough tbe filam ent, the temperature of the anode h ead can be h eld at any d esired value as high as 1,000° C for as long a t ime as seem s n ecessar y. This makes it possible to d egas the anode ver y thoroughly and to remove any contaminants that can b e r emoved by h eating. The cooling is accomplished by r eplacing the filam en t with a tube through which water is made to flow against the inner surface n ear est the anode face. This m ethod of water cooling was used wb en tests n ecessitating high anode dissipation were run on the tube.
Fio'ure 2 sho ws th e completed diodes , illustrating th e t wo types of anodes. It should be noted that the getters arc mounted in side t ub es.
Som e of th e advan tages to be gain ed from t h e usc of a double diode deserve mention. Th e temperat Ul"CS of the t wo cathodes being compared are equal, or ver y n early equal, at every in stan t during life. I t is realized, of co urse, th at unequal th ermal emissivities will result in temperature differences. However, as the h eat radiated b y the coated areas is tL small fraction of the total h eat rad iated by th e cathode, it seem s r easonable to suppose th at, if t h e uncoated areas of the cathod e have equal emiss ivities, variations in the emissivities of the coatings th emselves will effect th e coating temperatures only slightly. During the processing and the subsequ ent life of th e tube, th e t wo cathodes are, in gen eral, exposed equally to conditions that migh t affect th eir initial quality and life p erformance. A possible difficulty that may arise in the use of a double diode is th at material present in one cathode may somehow migrate to the other. This point must be given proper consideration when an interpretation of a given set of data is b eing made.
In the interest of completen ess, another fact, not d ependent on tube design, call be m entioned h er e. It is that th e two cathodes are s ubj ected to identi cal processes, su ch as cleaning, d egass ing, hydrogen
a, 'With sbeet anodes; b, witb water·cooled anodes.
firing, coating application, etc., previous to insertion into the finished tube.
The following comments cover the more important details in thc treatment of tube components and in the processing of a tube.
All nickel parts were chemically cleaned and fired at about 700 0 C in hydrogen that had been passed through an electrodryer . Particular care was taken to make sure that both cathodes, and both anodes as well wer e treated exactly alike. The two cathodes wer~ sprayed simultaneously and in such a way that the r esulting coatings were essentially identical in all r espects. The coating weight was approximately 5 mg/cm 2 , the coated ar ea 7~ cm 2 . The emission coating u sed contained 57 .2 ± 2 percent of barium carbonate, 38.8 ± 2 percent of strontium carbonate and 4 ± 0.5 percent of calcium carbonate. These values conform to a specification of the Am erican Society for T esting Materials.
The completed tube was evac uated on a system of the conventional type containing a three-stage oildiffusion pump with octoil S. A cold trap was located between th e diffusion pump and the tube.
The tubes were processed according to a schedule that included an oven bake, degass ing of the anodes, breakdown of the coating by temp erat ure treatment , another degass ing of the anodes, and an ageing period. D etails pertinent to any particular experiment will be given in the descript.ion of the e. xperiment . .
T emperatures were meas ured wIth an optIcal pyrometer. All values quoted a re brightness temp eratures.
Data are reported in the literature that clearly indicate that the magnitude of the direct-curren t emission 0 btainable from an oxide ca thode differs markedly from that of the peak emi ssion observed when microsecond curren t pulses a re used. For instance, Dillinger [6] has shown that a directcurrent current density of 19 amp /cm 2 , can be drawn from a well-activated cathode on a pure nickel base (1,150 0 K ), whereas Coomes [7] h as reported peak emission densities as high as 90 amp/ cm 2 , from a cathode on a pure-nick el base (1,075 0 K ). In the latter case 1-ALsee curren t pulses were used .
It was believed , however, that a better correlation b etween direct-curren t and pulsed emission data might be found if pulses of relatively long duration were used. If this were found to be true, one would then b e in a position to learn much about direct-
current emission while taking advantage of the pulse technique, the advantage being the ability to m easure temperature-limited emi ssion withou t excessive heating of tube parts . With this idca in mind, pulsed measuremen ts were made on the experimental diodes . Square wave voltago pulses of 250 AL sec duration were used. Setting the r epetition rate at 40 pps gave a duty cycle of 1 percent. A blo ck diagram of the circuit used for the pulse measurem ents is shown in figure 3 . P is the pulsing circuit. The peak reading voltmeters, 111 and 112 , are type GR-1800A. Meter VI is provid ed with a capacity-compensated voltage divider that increases its range by 10. Meter V 2 is calibrated to read the voltage developed by the ca thode current across the 100-0 noninductive resistor. The CRO in parallel with m eter V 2 is a DuMont 248 oscillograph. Connections are made directly to the vertical plates of the latter instrument, whose sensitivity is known in terms of volts/ inch.
III. Discussion of Experimental Results
Cathode Performance Studies
The magnesium-nickel alloy referred to in this paper is I NCO T-17652, for which the manufacturer specifies the additives as 0.18 percent of Mg and 0.01 percent for bo th C and Si.
The high-purity nickel used in this experiment is I N CO 1001 electrolytic nickel. Spectrographic analysis of this nick el shows approximately 0.01 p ercent of Cu and Pb. Traces of Mg, 1\1n, and Si, app ear in quantities less than 0.01 percent.
For ease of description, the magnesium-nickel alloy and the high-puri ty electrolytic nick el will be r eferred to as M g-Ni and 1001 , resp ectively . Likewise, cathodes made on these matorials will be r eferred to as Mg-N i and 1001 cathod es.
The first tube for which experimental results are presented was one in which one of th e cathodes was on 1001 ni ckel and th e other on Mg-N i. The parts of the tube not of 1001 nickel were the tungsten h eater , short lengths of tungsten extending inside th e glass press, the emission coatings, and an RCA batalum getter in a side arm (sec fig . 2,a) . Immediately following breakdown of the coating, during whi ch the maximum temp erature reached was 950 0 C, the cathode temperature was set at 800 0 C, and a direct-current po tential of 100v. was appli ed to each anode. Data showing th e variation of current with time were tak en . C urves of these data are shown in figure 4, A b eing for the 1001 cathode, B for the Mg-N i ca thode. The rate of increase of curren t exhibited by the Nig-Ni cathod e is markedly lower than that for the 1001 cathod e.
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Before any significance can be attributed to this differ en ce in b ehavior, it is necessary to know whether the curve for th e reference cathod e, that is, th e 1001 cathode, truly represents its beh avior. That is to say, would the activation curve for the 1001 ca thode have been quite similar to the one shown if the MgNi eatho~e had not been presen t? Also, what statis- tical varia tion in time dependence should one expect in th e cune for the 1001 cathode? Information bearing ou these questions was obtained from a tube that differed tru cturally from the one describ ed in just one respect, n am ely, th e M g-Ni cathode was replaced by a 1001 cathode. Thus both cathodes were of th e 1001 type. Care wa tak en to make th e tr eatm en ts and condi tions, to which th ese cathodes were subj ected, identicaL After the tube had been processed according to a ch edule as nearly as possible identical to th at for th e previous tub e, similar sets of data were talccu. Curves of th ese data are shown in figur e 5.
It will be observed that cur ve A of figure 4 is ver y similar to th e curves of figure 5. One may iufer from this that magnesium did not m igrate from th e one cathode to the other, or, if it did, that it h ad no cifect. The separation of the curves of figure 5 may be taken as a measure of the exp erimen tal uncertainty t o be expected . It seem s, therefore, that the curve for th e 1001 cathode in figure 4 is a typical one, and it may be concluded that the b ehaviour of the Mg-Ni cathode does differ significantly from that of th e 1001 cathode.
The low initial current values in each of these tests are an indication t hat there was no appreciable th ermal activation of the cathodes.
The lower rate of increase of current exhibited by th e Mg-Ni cathode may b e due to the presence of a
It should be pointed out h ere that th e absence of thermal activation and the slow rate of electrolytic activation have been observed only when the maximum temperatUJ.'e used in the conversion of the coating was not greater than 950 0 C. Evidence obtained from some tubes indicates that high initial currents are obtained from a Mg-Ni cathode for which the temperature during breakdown reaches a maximum of 1,050 0 C, and any gr'owth of current occurring after breakdown is very rapid .
Immediately following these tests that were m ade to obtain the data plotted in figur es 4 and 5, the tubes involved wer e aged for several hours, and then pulse tests were made. It was found that both the 1001 cathodes and the Mg-Ni cathode could supply peak CUl'rent densities of about 4 amp/cm 2 • This result has b een found to be rather gen erally true for ca thodes in other similar tubes.
The tubes described above were of the type that is unsuited for direct-current life testing at normal cathode temperature because of the low thermal dissipation of the anodes . A direct-curren t life te t has b een conducted on a t ube having water-cooled anodes (see fig. 2 a, Direct-current data; b, pulse data.
14 34 been processed and certain preliminary measurements were made, it was put on a life test schedule like that used by K ern and Lynch [9] of Bell Telephone Laboratories. The test was started by setting the cathode temperature at 800 0 C and adjusting the anode potentials until the current from each cathode was 125 ma (c urrent density 500 ma/cm 2 ). As time passed, the anode potentials were adjusted so as to keep the currents at 125 mao Curves showing the values of poten tial plotted as a fun ction of time appear in figures 6, a , and 7, a, the former being for the 1001 cathode, the latter for the Mg-Ni cathode. At intervals the direct-current tests were stopped temporarily, and pulse tests were made. The data for each of three different times, 361, 878, and 1,142 hours, respectively, appear in figures 6, b , and 7, b. The voltage scale is a three-halves power plot, as this gives a linear relation between current and voltage when space-charge current is being drawn. Points that fall on the space-charge line aTe not plotted in figures 6, b , and 7, b, as they are duplicated for each curve.
A study of figure 6 , b , reveals that the position of a temperature-limited curve drops progressively as the hours of life increase, a fact that applies also to the poin t of departure from the space-charge line. However, the break from the space-charge line occurs at a point well above the direct-current operating point (indicated by a filled circle) even after 1,142 hours of life. This behaviour correlates well with that to be deduced from the curve in figure 6 , a, which shows that the voltage required to maintain a space-charge current density of 500 ma/cm 2 , had not changed during the 1,142 hours of operation. In fact, this cathode was able to maintain a spacecharge current den sity of 500 ma/cm 2 , for the duration of the life test period of 3,750 h ours.
A study of figure 7 , b , also reveals a progressive drop in the position of the temperature-limited curve. In this case, however, the break from the spacecharge line reaches and drops below the directcurrent operating point. Although it is impossible to locate the break exactly, it seems that it is near the direct-current operating point after about 361 hours. One will note that in figure 7 , a , the upward trend in t he voltage value starts at about 361 hours. It can be seen also that the 878-hours curve in figure  7 , b, crosses the 500 rna/cm 2 line at a point corresponding to a voltage of 600 or sligh tly higher. T his is a fairly good check of the value corresponding to 878 hours in figur e 7, a .
A direct-current d ensity of 500 ma/cm 2 , is believed to be a fairly severe life test condition. As the conditions that define end of life for a cathode are arbitrary, it may not b e correct to say that the Mg-Ni cathode has r each ed end of life at 1,500 hours. However , it seems quite obvious that the 1001 cathode should have the longer life.
A difficulty that arose while the cathode structure was being sealed in resulted in a noticeable difference b etween the anode-cathode spacings of the two diodes. As a r esult , the anode voltage f<; n' the Mg-Ni cathode is considerably higher than that for the 1001 cathode.
The
T ests somewhat similar to th e ones presen ted h er e were made by E isenstein [10] on cathodes h aving siLicon nickcl and pure nickel b ases. H e sh owed th at th e emission values obt ained for t he silicon n ick el cathode, using pulses of th e order of 1 to 10 microsec, declined more r apidly with time than did th e valu es for th e pure-nickel ca thode. H e attribu ted this b ehaviour to an in terface layer . I t seems likely th at th e beh aviour of the Mg-Ni cathode can likewi se be attributed to an interface layer .
Decay Phenomena
In th e pro cess of pulse testing th e t ubes t o investigate cathode performan ce, considerable eviden ce of pulse-current decay appeared . This eff ect h as b een discussed by many authors, Sproull [ll] , S. Wagener . Part icular effor ts wer e m ade t o dI scover wheth er cathodes 1001 and Mg-Ni behave in a no ticeably differ ent manner with r espect to th e decay eff ect . The conclusion was that th ere is no consistent differ ence. In general, the appearance of a decay effect in one ca thode was accompani ed b y a similar effect in t he ot-h er cathode. Although th ere wer e sometimes differen ces in degr ee, th ey wer e no t consistent enough to justify the formulation of any defini te conclusions.
Some di scussions of th e decay eff ect h ave b een based on t h e tacit assmnption that th e controlling factors exist in th e cathode only fll , 12] . More r ecen tly, views hav e b een expressed t o th e effect that a node cont amination m ay also play a major role [13, 14, 15] . Conclusive eviden ce as t o exact lo cation of th e cau se in an y given situation is difficult t o ob tain, b ecause in a simple diode one can presume th at any tr eatment given th e anode m ay affect the cathode and vice v ersa. R esults will be presented now that would seem to indicate th at bo th th e ca thode and anode can b e involved .
A t ube like that shown in figure 2 , a, was pro cessed , and whil e still on the pumps was aged at 130 m a/cm 2 for 12 hours. Pulse measurements were th en made. The results obtained for th e 1001 cathode and th e M g-Ni cathode wer e quite similar. Those for th e 1001 cathode are plo t ted in figure 8 , a. It may be well t o point out just how the decay effect was observed and measured. At each setting of the pulse voltage, r eadings were t aken on th e peakr eading meters, and the shape of the current pulse was noted on the oscilloscope. When a decay effect showed on th e oscilloscope, values of th e curren t at th e leading and trailing edges of th e pulse wer e r ead on th e oscilloscope . These r eadings are r ecorded on th e curves as open and filled circles, respectively . Figm e 8, a, r eveals that for potentials a t and above 700 v there is pulse-current decay accompanied by a departme from the space-charge line.
Immediately following th e test just referred to, th e anode was h eld at a temperature of 800 0 C for 5 min, th e cathode being k ept a t normal operating temper ature. Any evolved gas was r emo ved b y th e pmnp . R epetition of th e pulse test yielded data that ar e shown in figure 8, b . It will be obser ved th at the decay effect and depar ture from th e spacecharge line now b egins at about 900 v. The change brough t about b y h eating th e anode is interpreted t o m ean th at conditions at th e anode do influence decay phenomena.
The pulse data in figure 9 wer e obtained from the M g-Ni cathode of ano th er tube iden tical t o the one discussed above . The open and filled cir cles have th e sam e signifi can ce as in the previous figure. Following this t est th e cath ode was pulse aged at 300-v peak for 57 hours, care being t aken to keep th e aver age power into th e anode low enough to avoid appreciable h ea ting. Anoth er pulse test then gave the data that arc plotted as h alf-filled cir cles in figure 9 . The evidence of decay has completely disappeared , and th e curren t values satisfy the space charge equation . Obviously th e 57-hour period was sufficient, but perhaps no t n ecessary. These results _________________________ J L ... 4,.......-..,.-r---.---r---r---r---,,---, ----, --- 2 1 -------+ ---7-'----------- Open and fill ed circles represent data before pulse aging. HaH-filled circles represent data taken after pulse aging. may be considered to be fairly strong evidence that the causes of decay were in the cathode itself. They are not conclusive, however, because one cannot be sure that bombardment of the anode with 300-v electrons did not indirectly affect the decay.
Mention has already been made of the fact that at certain times during the life test of the watercooled tube pulse measurements were made (see figs. 6, band 7, b) . A very interesting and significant fact in connection with these tests is that there never was any evidence whatever of pulse-current decay. It was somewhat surprising that such evidence did not appear in the .later tests, as it was thought that changes occurring in the cathodes and at the surfaces of the anodes during several hundred hours of operation might bring about conditions that would cause decay. It should be pointed out that early in the life of this tube, before the life test was started, it was possible to induce decay by heating the cathodes to a high temperature. This decay was removed by heating the anodes and ageing the cathode.
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The amount of information concerning pulsecurrent decay presented h ere is hardly enough to justify any very conclusive statement regarding it. However, one may say that the information supports the view that decay, of the kind described here, is associated with conditions that exist during the activation period and early life but may not appear during the normal operation of a properly processed tube.
The need for an accelerated direct-current life test is often pointed out by those who use tubes in large quantities, as for instance defense agencies. A difficulty encountered in setting up an accelerated test for emission is the establishment of conditions that permit correlation of results with those found under actual operating conditions. This being so, one may be justified in a little speculation concerning a possible application of the decay effect to this problem.
Suppose a tube when delivered to the user is subjected to a pulse test, the pulse being square and of relatively long duration. At sufficiently low values of voltage the current pulse will doubtless be square, and its magnitude will satisfy the space-charge equation . As the peak voltage is raised either of two things may happen; decay may appear in the current pulse, or the current may reach the temperaturelimited value and deviate from the space-charge line without evidence of decay. Performance of the first type would indicate inadequate or improper processing of the tube, not necessarily of the cathode alone. Performance of the second type would be indicative of a properly processed tube, and if the break from the space-charge line occurs at a value of current considerably above the direct-current operating value, one might expect long life. Tubes tested in this way could be life tested later under actual conditions to establish a correlation. It is realized, of course, that the greater structural complexity of the usual vacuum tube may make it difficult or impossible to apply such a test. One essential condition to be met in the test would be that of controlling the duty cycle so that the average power input to the tube structures outside the cathode would never go above that in the specified direct-current operation.
IV. Summary
Details of an experimental method for determining the relative meriis of two oxide cathodes, one on a base of high purity nickel, the other on a base of nickel containing a small amount of magnesium, have been presented . A guiding purpose in the design of the apparatus and in the establishment of processing and test procedures was to remove, actually or effectively, a maximum number of those factors that might introdu ce tillcertainty into the interpretation of results.
The study of conditions associated with the appearance and disapp earance of pulse-current decay leads one to conclude that this effect may prove to be a useful tool in evaluating the initial quality of a tube. Uncertainty exists as to the location of the cau es of this effect . They may b e in the cathode, in. th e anode, or in b oth cat hode and anode. Furt iler work will b e r equired t o r esolve this difficulty.
The au thors express t h eir appreciation t o J . E ' Whi te for many h elpful discussions and suggestions, and to all t hose m embers of the Tube Laboratory who h ave given assistance in the work:. W e also th ank M . L. Greenough and W. E . Williams, of th e Electroni cs Instrum ent· ation Laboratory , for designing and constructing the pulseI' used in t h ese exp eriments.
V. References
